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Description
FIELD OF THE INVENTION

[0001] Various example embodiments relate to a
memory device, and more particularly, to a memory de-
vice including a structure in which a plurality of memory
cells are vertically stacked, and/or method of manufac-
turing and operating the same, and/or an electronic ap-
paratus including the memory device.

BACKGROUND OF THE INVENTION

[0002] Recently, in step with the trend of high perform-
ance and/or low power consumption of semiconductor
memory devices, next-generation semiconductor mem-
ory devices, such as magnetic random access memories
(MRAMSs), phase change random access memories
(PCRAMSs), and resistive random access memories (Re-
RAMs) have been developed. Resistance values of ma-
terials constituting these next-generation semiconductor
memory devices vary depending on one or more of cur-
rent, voltage, or heat, and are maintained even when
power supply is interrupted. Research has been conduct-
ed to apply these memories in the form of Vertical NAND
(VNAND).

[0003] In the case of NAND flash products, which cur-
rently dominate the memory market, VNAND products,
which are advantageous for increasing density, are the
main products. However, VNAND products are gradually
approaching a limit of allowable height in current chip
packaging. Therefore, a method for increasing the scal-
ing of a unit cell is being studied.

[0004] Intheresistive VNAND usingthe resistive mem-
ory, the formation and removal of oxygen vacancies are
expected to be made as clearly as possible during oper-
ation, and the research on this is ongoing.

SUMMARY OF THE INVENTION

[0005] Provided are memory devices capable of in-
creasing operational efficiency.

[0006] Alternatively or additionally, provided are mem-
ory devices capable of increasing durability.

[0007] Alternatively or additionally, provided are meth-
ods of manufacturing and operating the memory device.
[0008] Alternatively or additionally, provided are elec-
tronic apparatuses including the memory device.
[0009] Additional aspects will be set forth in partin the
description which follows and, in part, will be apparent
from the description, or may be learned by practice of
various example embodiments.

[0010] According to some example embodiments, a
memory device includes a gate electrode; a resistance
change layer; a channel between the gate electrode and
the resistance change layer; an island structure between
the resistance change layer and the channel and in con-
tact with the resistance change layer and the channel;
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and a gate insulating layer between the gate electrode
and the channel.

[0011] Alternatively or additionally, according to some
example embodiments, a method of manufacturing a
memory device, the method includes forming a first pat-
ternonaninner surface of the gate electrode; and forming
a stack covering the first pattern on the inner surface of
the gate electrode and including an island structure,
wherein the island structure may be formed at a position
corresponding to the first pattern, and the island structure
may include either oxide or nitride.

[0012] Alternatively or additionally according to some
example embodiments, an electronic apparatus includes
the memory device described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The above and other aspects, features, and/or
advantages of certain embodiments of the disclosure will
be more apparent from the following description taken in
conjunction with the accompanying drawings, in which:

FIG. 1 is a cross-sectional view illustrating a first
memory device including a resistance change layer
according to some example embodiments;

FIG. 2 is a cross-sectional view illustrating a case
when the first memory device of FIG. 1 is rotated 90°
to the left;

FIG. 3 is a cross-sectional view illustrating a second
memory device including a resistance change layer
according to some example embodiments;

FIG. 4 is a cross-sectional view illustrating a third
memory device including a resistance change layer
according to some example embodiments;

FIG. 5 is a plan view taken along line 5-5’ of FIG. 4;
FIG. 6 is a plan view illustrating a case when the
plane of the gate electrode in FIG. 5 is a quadrangle;
FIG. 7 is a cross-sectional view illustrating a memory
device including a cell string using the third memory
device of FIG. 4 as a unit memory cell;

FIG. 8 is a perspective view showing a schematic
structure of a cell string of the memory device of FIG.
7

FIG. 9 is a cross-sectional view illustrating a fourth
memory device according to some example embod-
iments;

FIG. 10 is an equivalent circuit diagram of the mem-
ory device of FIG. 9;

FIGS. 11 to 13 are cross-sectional views illustrating
write, read, and erase operations of the memory de-
vice of FIG. 1;

FIG. 14 is a graph showing a current-voltage rela-
tionship, calculated on a simulation using TCAD, ac-
cording to an operation of a memory device accord-
ing to some example embodiments;

FIGS. 15 to 27 are diagrams illustrating a method of
manufacturinga memory device step by step accord-
ing to some example embodiments;
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FIG. 28 is a scanning electron microscope (SEM)
photograph showing the result of an experiment con-
ducted to confirm that an island structure or an island
corresponding to a plurality of dots is formed in a
memory device according to some example embod-
iments;

FIG. 29 is a block diagram of a memory system ac-
cording to some example embodiments; and

FIG. 30 is a block diagram showing a neuromorphic
device and an external device connected thereto ac-
cording to some example embodiments.

DETAILED DESCRIPTION

[0014] Reference will now be made in detail to various
embodiments, examples of which are illustrated in the
accompanying drawings, wherein like reference numer-
als refer to like elements throughout. In this regard, the
present embodiments may have different forms and
should not be construed as being limited to the descrip-
tions set forth herein. Accordingly, the embodiments are
merely described below, by referring to the figures, to
explain aspects. As used herein, the term "and/or" in-
cludes any and all combinations of one or more of the
associated listed items. Expressions such as "at least
one of," when preceding a list of elements, modify the
entire list of elements and do not modify the individual
elements of the list. For example, "at least one of A, B,
and C," and similar language (e.g., "at least one selected
from the group consisting of A, B, and C") may be con-
strued as A only, B only, C only, or any combination of
two or more of A, B, and C, such as, for instance, ABC,
AB, BC, and AC.

[0015] When the terms "about" or "substantially" are
used in this specification in connection with a numerical
value, it is intended that the associated numerical value
includes a manufacturing or operational tolerance (e.g.,
+10%) around the stated numerical value. Moreover,
when the words "generally" and "substantially" are used
in connection with geometric shapes, it is intended that
precision of the geometric shape is not required but that
latitude for the shape is within the scope of the disclosure.
Further, regardless of whether numerical values or
shapes are modified as "about" or "substantially," it will
be understood that these values and shapes should be
construed as including a manufacturing or operational
tolerance (e.g., =10%) around the stated numerical val-
ues or shapes.

[0016] Hereinafter, memory devices including a verti-
cal stack structure according to embodiments, manufac-
turing and operating methods thereof, and electronic ap-
paratuses including the memory device will be described
in detail with reference to the accompanying drawings.
[0017] Various embodiments may be capable of vari-
ous modifications and may be embodied in many differ-
ent forms. In the drawings, like reference numerals refer
to like elements throughout, and sizes of elements in the
drawings may be exaggerated for clarity and conven-
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ience of explanation.

[0018] When a position of an element is described us-
ing the expression "above" or "on", the position of the
element may include not only the element being "imme-
diately on/under/left/right in a contact manner" but also
being "on/under/left/right in a noncontact manner".
[0019] Although the terms "first", "second", etc. may
be used herein to describe various elements, these terms
are only used to distinguish one element from another.
These terms are not intended to limit the difference in
material or structure of the elements.

[0020] Singularforms are intended to include the plural
forms as well unless the context clearly indicates other-
wise. Also, when a part "comprises" or "includes" an el-
ement in the specification, unless otherwise defined, it is
not excluding other elements but may further include oth-
er elements.

[0021] Also, in the specification, the terms "units" or
"...modules" denote units or modules that process at least
one function or operation, and may be realized by hard-
ware, software, or a combination of hardware and soft-
ware.

[0022] Inthe specification, the term"above" and similar
directional terms may be applied to both singular and
plural.

[0023] With respect to operations that constitute a

method, the operations may be performed in any appro-
priate sequence unless the sequence of operations is
clearly described. In addition, the use of any and all ex-
amples, orexemplary language (e.g., "such as") provided
herein, is intended merely to better illuminate the disclo-
sure and does not pose a limitation on the scope of the
disclosure unless otherwise claimed.

[0024] FIG. 1 shows a first memory device 100 includ-
ing aresistance change layer according to some example
embodiments. In one example, the first memory device
100 may be a unit memory cell that is a minimum unit
device for writing data.

[0025] Referringto FIG. 1, the first memory device 100
includes a base 120, a resistance change layer 124, a
channel 132, a gate insulating layer 136, and a gate elec-
trode 140, which are sequentially stacked in a first direc-
tion (e.g., a Y-axis direction). The base 120 may also be
expressed as or referred to as a base layer 120. The
channel 132 may also be expressed as or referred to as
a channel layer 132. The gate electrode 140 may also
be expressed as or referred to as a gate electrode layer
140. In one example, the base 120 may include an insu-
lating layer. In some example embodiments, the insulat-
ing layer may be an oxide layer or include an oxide layer.
For example, in some example embodiments , the oxide
layer may be a silicon oxide (e.g., SiO,) layer or include
a silicon oxide layer. The resistance change layer 124
may be provided on one surface 120S of the base 120
and directly contact the one surface 120S, but is not lim-
ited thereto. The one surface 120S may be perpendicular
to the first direction and may be parallel to a second di-
rection (e.g., an X-axis direction) perpendicular to the
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first direction. The one surface 120S may be parallel to
a plane (an X-Z plane) defined by the X axis and the Z
axis, but is not limited thereto.

[0026] InFIG. 1, the one surface 120S of the base 120
may be an upper surface, but may also be interpreted as
a lower surface, a side surface, or an inclined surface
depending on viewpoints. The same interpretation may
be applied to all sides of members mentioned in the fol-
lowing description. In the first direction, a thickness of
the base 120 and a thickness of the resistance change
layer 124 may be the same or different from each other.
In some examples, the resistance change layer 124 may
include a variable resistance material. The variable re-
sistance material may be one or more of Rb,0, TiO,,
BaO, ZrO,, Ca0, HfO,, SrO, Sc,03, MgO, Li,O, Al,03,
SiO,, BeO, Sc,05, Nb,Og, NiO, Tay,O5, WO3, V5,05,
La,03, Gd,05, CuO, MoOs, Cr,04, and MnO,.

[0027] The resistance change layer 124 may have a
relatively high resistance state (e.g., a reset state) or a
relatively low resistance state (e.g., a set state) as com-
pared with a reference resistance or a set resistance,
and the resistance of the resistance change layer 124
may be based on a first operating voltage applied to the
first memory device 100.

[0028] The first operating voltage may include or be
based on one or more of a write voltage, a read voltage,
or an erase voltage. In some examples, an island struc-
ture 128 (see, FIG. 4) may be provided between the re-
sistance change layer 124 and the channel 132. The is-
land structure 128 belongs only to the firstmemory device
100 and may be located in a region where oxygen va-
cancies of the resistance change layer 124 are formed
during operation of the first memory device 100. For ex-
ample, the island structure 128 may be located only be-
tween the gate electrode 140 and the region where the
oxygen vacancy is formed in the resistance change layer
124, is not shared with other adjacent memory cells, and
does not extend to other adjacent memory cell regions.
Alternatively or additionally, a voltage may not be applied,
e.g. may not be directly applied to the island structure
128. The island structure 128 may be variously ex-
pressed as orreferred to as an isolated layer, an isolated
structure, an independent structure, an island, an island
layer, and the like. In some examples, the island structure
128 may be provided in a form buried in the resistance
change layer 124. For example, the resistance change
layer 124 may have a recess corresponding to a first
thickness 128T of the island structure 128 on a surface
facing the channel 132, and the island structure 128 may
be provided to completely fill the recess. Alternatively or
additionally, the island structure 128 may be viewed as
being provided (formed) to protrude from the channel 132
to the resistance change layer 124.

[0029] As aresult, the island structure 128 is in a form
surrounded by the channel 132 and the resistance
change layer 124. The island structure 128 may be com-
pletely surrounded by the channel 132 and the resistance
change layer 124.
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[0030] Insomeexamples,theisland structure 128 may
have the first thickness 128T or a first height in a direction
perpendicular to the one surface 120S of the base 120,
and may have a first length 128L in a second direction
parallel to the one surface 120S. In some examples, the
first thickness 128T may be in a range from about 0.1
nm to about 10 nm, for example, in a range from about
1 nm to about 2 nm. In some examples, the first length
128L may be in a range from about 0.1 nm to about 30
nm, for example, in a range from about 1 nm to about 5
nm. In some examples, the first length 128L of the island
structure 128 may be less than or equal to a length (or
width) of the gate electrode 140 in the second direction
(e.g., the X-axis direction).

[0031] Insomeexamples, across-sectional area of the
island structure 128 may be less than a cross-sectional
area of the gate electrode 140. In some examples, these
cross-sectional areas may be a cross-sectional areas cut
in a direction perpendicular to the base 120 (a Y-axis
direction, in the case of FIG. 2, a direction parallel to the
X-axis), but is not limited to this direction.

[0032] Insomeexamples,theisland structure 128 may
be or include a nitride layer and/or an oxide layer. The
island structure 128 may be or may include a layer in
which oxygen vacancies are not formed or oxygen va-
cancies are less likely to be formed than the resistance
change layer 124. In some examples, the island structure
128 may be or may include an oxide layer in which an
absolute value of a negative (-) value of oxide formation
energy is greater than that of the resistance change layer
124. As the absolute value of the minus value of the oxide
formation energy increases, oxygen vacancy formation
may become more difficult. In some examples, the island
structure 128 may be or include silicon nitride (e.g., SiN),
gallium nitride (e.g., GaN), aluminum nitride (AIN), or bo-
ron nitride (BN), but is not limited thereto. In some exam-
ples, the island structure 128 may be or include a metal
oxide layer. In some examples, the metal oxide may in-
clude at least one from the group consisting of (or includ-
ing) Rb, Ti, Ba, Zr, Ca, Hf, Sr, Sc, Mg, Al, Si, Be, Nb, Ni,
Ta, W, V, La, Gd, Cu, Mo, Cr, and Mn, but is not limited
thereto. For example, the island structure 128 may be or
include a binary metal oxide layer including one metal
element or may include the metal oxide layer, and/or may
be orinclude a ternary or higher metal oxide layer includ-
ing two or more different metal elements or may include
the metal oxide layer.

[0033] The channel 132 may be provided on the resist-
ance change layer 124 to completely cover the island
structure 128. The channel 132 may be provided to con-
tact or directly contact a surface (e.g., an upper surface)
of the island structure 128 that is not buried in the resist-
ance change layer 124. In some examples, the entire
upper surface of the island structure 128 may not be bur-
ied in the resistance change layer 124, and the channel
132 may directly contact the entire upper surface of the
island structure 128. Accordingly, when a first operating
voltage, for example, a write voltage, is applied to the
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firstmemory device 100, as illustrated in FIG. 11, oxygen
vacancies 715 may be formed on a side surface of and
bottom surface of the island structure 128 in the resist-
ance change layer 124. As described above, because
the absolute value of the minus value of the oxide forma-
tion energy of the island structure 128 is greater than that
of the resistance change layer 124, oxygen vacancies
may not be formed or may be less likely to form in the
island structure 128 by the first operating voltage. In some
examples, the channel 132 may be or include a single-
crystal or poly-crystal silicon layer and may or may not
be doped, but the material or state of the material may
not be limited thereto.

[0034] The gate electrode 140 may be present on the
gate insulating layer 136 and may be provided to cover
the entire island structure 128 on the island structure 128
or at a position facing the island structure 128. In some
examples, the gate insulating layer 136 may be or include
an oxide layer. An insulating layer 144 is provided on
both sides of the gate electrode 140 on the gate insulating
layer 136. The both side surfaces of the gate electrode
140 may be covered with the insulating layer 44 and may
directly contact the insulating layer 144. The material of
the insulating layer 144 may be silicon oxide (e.qg., SiO,)
and/or aluminum oxide (e.g., Al,O3).

[0035] FIG. 2 shows a case when the first memory de-
vice 100 of FIG. 1 is rotated 90° to the left.

[0036] In the case of FIG. 2, the base 120, the resist-
ance change layer 124, the channel 132, the gate insu-
lating layer 136, and the gate electrode 140 of the first
memory device 100 are stacked in the horizontal direc-
tion, for example, in a direction opposite to the second
direction (a X-axis direction). In FIG. 2, the resistance
change layer 124 is disposed parallel to the Y-axis (the
first direction) and perpendicular to the X-axis (the sec-
ond direction). In the case of FIG. 1, if the resistance
change layer 124 is formed horizontally, in the case of
FIG. 2, it may be said that the resistance change layer
124 is formed vertically.

[0037] FIG. 3 shows a second memory element 300
according to some example embodiments. Only parts
different from the first memory device 100 of FIG. 1 will
be described. The same reference numerals as those
mentioned in the description of the first memory device
100 denote the same members.

[0038] Referring to FIG. 3, the second memory device
300 includes a plurality of small structures or smaller dis-
connected features in the shape of dots 228 between the
resistance change layer 124 and the channel 132. The
entirety of the plurality of dots 228 may be referred to as
a second island structure, or as an archipelago structure
that has a plurality of small islands. The plurality of small
islands, or the plurality of dots 228 may be spaced apart
from each other. The location and/or the region of the
plurality of dots 228 may be the same as the location
and/or the region of the island structure 128 of the first
memory device 100 of FIG. 1. Therefore, the arrange-
ment relationship between the plurality of dots 228 and
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the other layers 124, 132, and 140 may be the same as
thatbetween theisland structure 128 and the other layers
124, 132, and 140 in the first memory device 100. The
plurality of dots 228 may be equivalent to the island struc-
ture 128 being divided into a plurality of pieces at the
location where the island structure 128 of the first memory
device 100 of FIG. 1 is formed. Therefore, a material of
the plurality of dots 228 may be the same as that of the
island structure 128. A mutual interval of the plurality of
dots 228 may be the same as or different from each other.
In some examples, the plurality of dots 228 may be pro-
vided to have an interval in which at least one oxygen
vacancy may be formed between the plurality of dots
228. In some examples, a thickness (height) of each of
the plurality of dots 228 may be the same or different
from each other.

[0039] In some examples, as the first memory device
100 of FIG. 1 may be rotated by 90° as shown in FIG. 2,
the second memory device 300 may also be rotated by
90°.

[0040] FIG. 4 shows a third memory device 400 ac-
cording to some example embodiments. FIG. 5 shows a
plane taken along line 5-5’ of FIG. 4.

[0041] Because FIG. 4 is a cross-sectional view, the
third memory device 400 appears as if the two first mem-
ory devices 100 of FIG. 2 are arranged symmetrically on
the substrate 410.

[0042] Referring to FIG. 4 and FIG. 5 which is a plan
view, the third memory device 400 includes the resist-
ance change layer 124, the island structure 128, the
channel 132, and the gate insulating layer 136, and the
gate electrode 140 concentrically disposed around the
base 120. In the third memory device 400, the resistance
change layer 124, the island structure 128, the channel
132, the gate insulating layer 136, and the gate electrode
140 are sequentially stacked on a side surface of the
base 120 in a direction perpendicular to the side surface
of the base 120, that is, in the horizontal direction. The
resistance change layer 124 may be provided to sur-
round, e.g. to completely surround the base 120 with a
constant thickness or a substantially constant thickness,
and to contact the side surface of the base 120. The
island structure 128 may be provided to completely sur-
round the base 120 and the resistance change layer 124
with a constant or substantially constant thickness, and
to directly contact a corresponding (facing) surface of the
resistance change layer 124. In some examples, the is-
land structure 128 may be replaced with a plurality of
dots 228 of the second memory device 300 of FIG. 3.
The channel 132 may be provided to completely surround
the base 120, the resistance change layer 124, and island
structure 128 with a constant or substantially constant
thickness, and to contact a side surface of the resistance
change layer 124 around island structure 128 and a side
surface of the island structure 128. The gate insulating
layer 136 may be provided to completely surround the
base 120, the resistance change layer 124, the island
structure 128, and the channel 132 with a constant or
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substantially constant thickness, and to contact a side
surface of the channel 132. The gate electrode 140 may
be provided to completely surround the base 120, the
resistance change layer 124, the island structure 128,
the channel 132, and the gate insulating layer 136 with
a constant or substantially constant thickness, and to
contact a side surface of the gate insulating layer 136.
[0043] InFIG.5, although the planar shape of the third
memory device 400 is illustrated as a circular shape, the
planar shape may be non-circular (e.g., elliptical, polyg-
onal such as hexagonal or quadrilateral such as square-
shaped, etc.). Forexample, as shown in FIG. 6, the planar
shape of the gate electrode 140 may be a quadrilateral,
such as a square. In FIG. 6, shapes of the base 120, the
resistance change layer 124, the island structure 128,
the channel 132, and the gate insulating layer 136 may
be the same as those of FIG. 5. FIG. 6 shows a plane
taken along line 5-5’ of FIG. 4.

[0044] The third memory device 400 shown in FIGS.
4 to 6 may correspond to a unit memory cell of a resistive
VNAND having a vertical resistance change layer. There-
fore, a VNAND having a vertical resistance change layer
may be formed with the plurality of third memory devices
400.

[0045] FIG. 7 shows an example of the resistive
VNAND in which five unit memory cells MC are sequen-
tially stacked on one surface (e.g., an X-Z plane) of the
substrate 410 in a direction perpendicular to the one sur-
face (e.g., a Y-axis direction). The unit memory cell MC
may be or may include or be included in a remaining
portion of the third memory device 400 except for the
substrate 410. Accordingly, the unit memory cell MC may
be substantially the same as the third memory device
400. The number of unit memory cells MC sequentially
stacked in the vertical direction may be N. The plurality
of unit memory cells MC sequentially stacked in the ver-
tical direction on the substrate 410 may form a cell string
CS in a resistive VNAND.

[0046] A gate electrode 140 of each of the vertically
stacked memory cells MC in the cell string CS may be
electrically separated by an insulating layer 144. Also, in
the cell string CS, the channel 132 of each memory cell
MC and the resistance change layer 124 are connected
to each other in a vertical direction.

[0047] Aninnerregion of the gate electrode 140 at the
bottom of the cell string CS is in contact with an impurity
doped region 525 of the substrate 410, and an inner re-
gion of the gate insulating layer 136 at the top of the cell
string CS is connected to a bit line 590 through a drain
region (layer) 680. The impurity doped region 525 may
be a common source region shared by other cell strings.
A lower end of the cell string CS may be regarded as a
bottom of the cell string CS. In the inner region of the
gate electrode 140 at the lower end of the cell string CS,
the lower ends (bottom surfaces) of the base 120, the
resistance change layer 124, and the channel 132 may
directly contact the impurity doped region 525. A lower
end (bottom) of the gate insulating layer 136 may or may
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not contact the impurity doped region 525. The drain re-
gion 680 may be provided to cover an inner region of the
gate insulating layer 136 at an upper end of the cell string
CS and to contact the inner region of the gate insulating
layer 136. The bitline 590 is positioned on the drain region
680 and may directly contact the drain region 680. The
drain region 680 may be provided between the bit line
590 and the cell string CS.

[0048] An upper end of the cell string CS may be re-
garded as an upper surface of the cell string CS. The
inner region of the gate insulating layer 136 at the upper
end of the cell string CS may include the upper ends
(upper surfaces) of the base 120, the resistance change
layer 124, and the channel 132.

[0049] FIG. 8 is a three-dimensional view of the cell
string CS of FIG. 7.

[0050] The cell string CS illustrated in FIG. 7 may be
provided in plural on the substrate 410, and, as an ex-
ample of the plurality of cell strings CS, FIG. 9 schemat-
ically shows a resistive VNAND 900 in which two cell
strings CS are provided on the substrate 410. FIG. 10 is
an equivalent circuit diagram of the resistive VNAND 900
of FIG. 9.

[0051] With reference to FIGS. 9 and 10 together, a
detailed configuration of the resistive VNAND 900 will be
described.

[0052] A plurality of cell strings CS are provided on the
substrate 410.
[0053] The substrate 410 mayinclude a silicon material

doped with a first type impurity. For example, the sub-
strate 410 may include a silicon material doped with a p-
type impurity. For example, substrate 410 may be a p-
type well (e.g., a pocket p-well). In the following, it is as-
sumed that the substrate 410 is p-type silicon. However,
the substrate 410 is not limited to p-type silicon.

[0054] An impurity doped region 525 as a source re-
gionis provided on the substrate 410. The impurity doped
region 525 may be n-type different from that of the sub-
strate 410. Hereinafter, it is assumed that the impurity
doped region 525 is n-type, e.g. is doped with impurities
such as arsenic and/or phosphorus. However, the impu-
rity doped region 525 is not limited to n-type. The impurity
dopedregion 525 may be connected to acommon source
line CSL.

[0055] As shown in the equivalent circuit diagram of
FIG. 10, k*n cell strings CS may be provided and ar-
ranged in a matrix form. The cell string CS may be named
CSij(1<i<k, 1<j<n) according to each row and column po-
sition. Each cell string CSij is connected to a bit line BL,
a string-select line SSL, a word line WL, and a common
source line CSL.

[0056] Each cell string CSijincludes memory cells MC
and a string-select transistor SST. The memory cells MC
and the string-select transistor SST of each cell string
CSij may be stacked in a height direction.

[0057] Rows of the plurality of cell strings CS are re-
spectively connected to different string selection lines
SSL1 to SSLk. For example, the string-select transistors
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SSTs of the cell strings CS11 to CS1n are commonly
connected to the string-select line SSL1. The string-se-
lect transistors SST of the cell strings CSk1 to CSkn are
commonly connected to the string-select line SSLk.
[0058] Columns of the plurality of cell strings CS are
respectively connected to different bit lines BL1 to BLn.
For example, the memory cells of the cell strings CS11
to CSk1 and the string-select transistors SST may be
connected in common to the bitline BL1, and the memory
cell MC of the cell strings CS1n to CSkn and the string-
select transistors SST may be commonly connected to
the bit line BLn.

[0059] Rows of the plurality of cell strings CS may be
respectively connected to different common source lines
CSL1 to CSLk. For example, the string-select transistors
SST of the cell strings CS11 to CS1n may be connected
in common to the common source line CSL1, and the
string-select transistors SST of the cell strings CSk1 to
CSkn may be commonly connected to the common
source line CSLKk.

[0060] Gate electrodes of the memory cells MC posi-
tioned at the same height from the substrate 410 or the
string-select transistors SST are commonly connected
to one word line WL. Gate electrodes of the memory cells
MC positioned at different heights may be connected to
different word lines WL1 to WLm, respectively.

[0061] The circuit structure shown is an example. For
example, the number of rows of the cell strings CS may
increase or decrease. As the number of rows of the cell
strings CS changes, the number of string selection lines
connected to the rows of the cell strings CS and the
number of cell strings CS connected to one bit line may
also change. As the number of rows of the cell strings
CS changes, the number of common source lines con-
nected to the rows of the cell strings CS may also change.
[0062] The number of columns of the cell strings CS
may also increase or decrease. As the number of col-
umns of the cell string CS changes, the number of bit
lines connected to the columns of the cell strings CS and
the number of cell strings CS connected to one string
selection line may also change.

[0063] The height of the cell string CS may also be
increased or decreased. For example, the number of
memory cells MC stacked on each cell string CS may
increase or decrease. As the number of memory cells
MC stacked on each cell string CS changes, the number
of word lines WL may also change. For example, the
number of string-select transistors provided in each of
the cell strings CS may be increased. As the number of
string-select transistors provided in each of the cell
strings CS is changed, the number of string-select lines
or common source lines may also be changed. If the
number of string-select transistors increases, the string-
select transistors may be stacked in the same form as
the memory cells MC.

[0064] lllustratively, writing and reading may be per-
formed in units of rows of cell strings CS. The cell strings
CS may be selected in units of one row by the common
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source line CSL, and the cell strings CS may be selected
in units of one row by the string selection lines SSL. Also,
a voltage may be applied to the common source lines
CSL as a unit of at least two common source lines. A
voltage may be applied to all of the common source lines
CSL as one unit.

[0065] Inthe selected row of the cell strings CS, writing
and reading may be performed in units of pages. A page
may be one row of memory cells connected to one word
line WL. In a selected row of the cell strings CS, the mem-
ory cells may be selected in units of pages by word lines
WL.

[0066] AsshowninFIGS.7to9, the cell string CS may
have a shape in which a plurality of gate electrodes 140
and a plurality of insulating layers 144 alternately sur-
round a first structure including a base 120, a resistance
change layer 124, anisland structure 128, a channel 132,
and a gate insulating layer 136. The insulating layer 144
may be a separation layer preventing or reducing an
amount of mutual contact of the gate electrodes 140 be-
tween the vertically stacked gate electrodes 140.
[0067] InFIG.8,thecellstring CSisshownintheshape
of a quadrangular pillar, but this is an example and not
limited thereto. The cell string CS may be formed, for
example, in a cylindrical shape orin a conical shape (e.g.
a tapered shape).

[0068] The shape of the first structure including the
base 120, the resistance change layer 124, the island
structure 128, the channel 132, and the gate insulating
layer 136 will be described.

[0069] For example, referring to FIGS. 7 and 9, the
base 120 has a cylindrical shape in which a length direc-
tion is the Y-axis direction. The resistance change layer
124, the island structure 128, the channel 132, and the
gate insulating layer 136 are sequentially stacked on a
cylindrical surface of the base 120 in a radial direction.
[0070] Insomeexamples,thechannel 132 mayinclude
a semiconductor material doped with a first type. The
channel 132 may include a silicon material, such as but
not limited to polysilicon and/or single-crystal silicon,
doped with the same type as the substrate 410. For ex-
ample, when the substrate 410 includes a p-type doped
silicon material, the channel 132 may also include a p-
type doped silicon material. Alternatively, the channel
132 may include a material, such as Ge, IGZO, or GaAs.
In some examples, channel 132 may include polysilicon.
[0071] The material of the island structure 128 is the
same as the description given with reference to FIG. 1.
In some examples, the island structure 128 may be re-
placed with the plurality of dot layers 228 of FIG. 3.
[0072] The gate insulating layer 136 surrounds a sur-
face of the channel 132 to a predetermined thickness.
The gate insulating layer 136 may include various insu-
lating materials such as one or more of silicon oxide,
silicon nitride, or silicon oxynitride.

[0073] The plurality of gate electrodes 140 and the plu-
rality of insulating layers 144 surround an outer surface
of the first structure. For example, the plurality of gate
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electrodes 140 and the plurality of insulating layers 144
may be provided on the outer surface of the gate insu-
lating layer 136 and disposed to surround the outer sur-
face of the gate insulating layer 136. The plurality of in-
sulating layers 144 may separate the plurality of gate
electrodes 140, and the plurality of gate electrodes 140
and the plurality of insulating layers 144 may be alter-
nately and repeatedly stacked in a direction perpendic-
ular to the substrate 410 (Y-axis direction).

[0074] Thegate electrode 140 mayinclude a metal ma-
terial and/or a highly doped silicon material. Each gate
electrode 140 is connected to one of the word line WL
and the string-select line SSL. The insulating layer 144
may include various insulating materials, for example,
silicon oxide and/or silicon nitride, but is not limited there-
to.

[0075] The manufacturing process of the cell string CS
described above may proceed in the order from an ex-
ternal structure to an internal structure. For example, a
structure in which the gate electrode 140 and the insu-
lating layer 144 having a shape of a cylinder shell with
the same outer diameter and inner diameter are alter-
nately stacked is first formed, and the gate insulating lay-
er 136, the channel 132, the island structure 128, and
the resistance change layer 124 are sequentially depos-
ited on an inner surface of the structure. Deposition of
the material layers will be described later in the descrip-
tion of the manufacturing method.

[0076] One end of the channel 132 and the resistance
change layer 124 may contact the impurity doped region
525, that is, the common source region. The island struc-
ture 128 is spaced apart from the impurity doped region
525. The drain region 680 may be provided at the other
end of the channel 132 and the resistance change layer
124. The island structure 128 is separated from the drain
region 680. The drain region 680 may include a silicon
material doped with a second type. For example, the
drain region 680 may include a silicon material doped
with an n-type impurity. The bit line 590 may be provided
on the drain region 680. The drain region 680 and the bit
line 590 may be directly connected or connected through
contact plugs.

[0077] Eachgate electrode 140 and regions ofthe gate
insulating layer 136, the channel 132, the island structure
128, and the resistance change layer 124 facing each
gate electrode 140 may constitute a memory cell MC.
For example, the memory cell MC has a circuit structure
in which a variable resistance by the resistance change
layer 124 and the island structure 128 is connected in
parallel to a transistor including the gate electrode 140,
the gate insulating layer 136, and the channel 132. The
parallel connection structures are continuously arranged
in the vertical direction (Y-axis direction) to constitute the
cell string CS. Also, as shown in the equivalent circuit
diagram of FIG. 10, the common source line CSL and
the bit line BL may be connected to both ends of the cell
string CS. When an operating voltage is applied to the
common source line CSL and the bit line BL, various
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operations such as program (write), read, and erase
(erasure) operations may be performed on the plurality
of memory cells MC.

[0078] For example, when a memory cell MC to be
written is selected, a gate voltage value of the corre-
sponding memory cell is adjusted so that a channel is
not formed in the selected memory cell, e.g., the channel
is turned off. The gate voltage values of the unselected
memory cells are adjusted so that the channels of the
unselected memory cells are turned on. Accordingly, a
current path by the voltage applied to the common source
line CSL and the bit line BL passes through the region
of the resistance change layer 124 of the selected mem-
ory cell MC, and at this time, a low resistance state or a
high resistance state may be created by setting the ap-
plied voltage as a value of Vset or Vreset, and desired 1
or 0 information may be written to the selected memory
cell MC.

[0079] In a read operation, similarly to the above, a
read for a selected memory cell may be performed. That
is, after a gate voltage applied to each gate electrode
140 is adjusted so that the selected memory cell MC is
a channel-off state and the non-selected memory cells
are a channel-on state, the state (1 or 0) of the memory
cell may be confirmed by measuring a current flowing in
the corresponding memory cell MC by an applied voltage
Veaq Petween the common source line CSL and the bit
line BL.

[0080] InaVNAND structure, thereis alimitin increas-
ing the number of gate electrodes 140 included in the
cell string CS, due to a packaging limit according to a
height of the cell string CS. In particular, there is a limit
to reducing a distance between adjacent gate electrodes
140 due to interference between adjacent memory cells.
Accordingly, a memory capacity may be at least partially
limited by a limit value capable of reducing the sum of
vertical lengths of the gate electrode 140 and the insu-
lating layer 144 adjacent in the vertical direction (Y-axis
direction).

[0081] Next, the operation of a unit memory cell of the
illustrated resistive VNAND will be described in more de-
tail.

[0082] FIGS. 11 to 13 show write, read, and erase op-
erations of the first memory device 100 shown in FIGS.
1and 2. The operations illustrated in FIGS. 11 to 13 may
be equally applied to the second and third memory de-
vices 300 and 400 of FIGS. 3 and 4.

[0083] Although two memory cells are shown as an
example in the operations illustrated in FIGS. 11 to 13,
the operation method illustrated in FIGS. 11 to 13 may
be equally applied to the operation of a cell string includ-
ing a plurality of memory cells.

[0084] In FIGS. 11 to 13, a memory cell on the left is
regarded as a memory cell not selected as a write cell,
and a memory cell on the right is regarded as a memory
cell selected as a write cell.

[0085] FIG. 11 shows a data write (record) operation.
[0086] Referring to FIG. 11, a gate voltage Von for
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channel-on is applied to the gate electrode 140 on the
left, and a gate voltage Voff for channel-off is applied to
the gate electrode 140 on the right. When a write voltage
Vorogram is @pplied to both ends of the channel 132, a
current 10C1 flows along the channel 132 in the memory
cell in the channel-on state (left), but no current flows
along the channel 132 in the memory cell in the channel-
off state (right). In this case, a strong voltage is applied
to both end of a region of the channel 132 where a current
does not flow, and oxygen vacancies 715 are formed
around the island structure 128 of the resistance change
layer 124 under the influence of the electric field caused
by the strong voltage. An oxygen vacancy filament 715f
may be formed along a surface of the island structure
128 by the oxygen vacancies 715 formed in this way.
Accordingly, a current 10C1 flows through the oxygen
vacancy filament 715f in the selected memory cell. For
example, in a write operation, the oxygen vacancy fila-
ment 715f is formed in the resistance change layer 124
of the selected memory cell, and as a result, the resist-
ance of the resistance change layer 124 of the selected
memory cell is less than a reference resistance or set
resistance of a memory cell. The reference resistance or
set resistance may be a reference resistance for deter-
mining data written in a memory cell. For example, when
the resistance of the resistance change layer 124 of the
selected memory cell is greater than the reference re-
sistance, it may be determined that the selected memory
cellis in a high resistance state and data 1 (or 0) is written
in the selected memory cell. Conversely, when the re-
sistance of the resistance change layer 124 of the se-
lected memory cell is less than the reference resistance,
it may be determined that the selected memory cell is in
a low resistance state, and data O (or 1) is written in the
selected memory cell.

[0087] When the oxygen vacancy filament 715f is
formed in the resistance change layer 124 of the selected
memory cell and the resistance of the resistance change
layer 124 is less than the reference resistance, the se-
lected memory cell may be said to be in a set state. The
set state of the resistance change layer 124 may be main-
tained even after the write voltage Vgram is removed.
For example, data written in the selected memory cell
does not disappear even if the write voltage Vgam is
removed. Accordingly, the selected memory cell may be
referred to as a nonvolatile memory cell. Because the
resistance state of the resistance change layer 124 may
correspond to data 1 or O being recorded, the resistance
change layer 124 may be expressed as a data layer, a
data recording layer, a data recording material layer, or
a recording material layer.

[0088] FIG. 12 shows a data read operation. A read
operation may be expressed as a readout operation.
[0089] Referring to FIG. 12, a memory cell on the left
is an unselected memory cell, and a voltage Von for chan-
nel-onis applied to the gate electrode 140, and a memory
cell on the right is a selected memory cell, and a voltage
Voff for channel-off is applied to the gate electrode 140.
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For aread operation, a read voltage Vread that does not
change a resistance state of the resistance change layer
124 of the selected memory cell, that is, that does not
cut the oxygen vacancy filament 715f is applied to both
ends of the channel 132.

[0090] A current 11C1 according to the application of
the read voltage V .4 does not flow to the channel 132
in the right memory cell in which the channel is off, but
flows through the resistance change layer 124, and the
resistance state of the corresponding memory cell may
be read by measuring the current 11C1. For example,
bit data written in the selected memory cell may be read.
[0091] FIG. 13 shows a data erase (delete) operation.
[0092] Referringto FIG. 13, in order to erase the infor-
mation (data) of the right memory cell recorded by the
write operation of FIG. 11, an erase voltage V4. is ap-
plied to both ends of the channel 132 so that a current
12C1 flows in a direction opposite to that in the write
operation. A voltage Von for channel-on is applied to the
gate electrode 140 of the unselected memory cell on the
left, and a voltage Voff for channel-off is applied to the
gate electrode 140 of the selected memory cell on the
right. In the right memory cell in which the channel is
turned off, the current 12C1 does not flow through the
channel 132, but flows through the resistance change
layer 124, and flows in a direction opposite to that when
datais written. Accordingly, the oxygen vacancy filament
715f formed in the writing operation of FIG. 11 is cut off.
As a result, due to the application of the erase voltage
Veraser the resistance change layer 124 of the selected
memory cell is in a reset state and is restored to a state
prior to writing information. In this regard, the erase volt-
age Va5 May be referred to as a reset voltage.
[0093] The second memory device 300 is a case in
which the island structure 128 in the first memory device
100 is replaced with a plurality of dots 228, and the for-
mation position and a material of the plurality of dots 228
are equal to the island structure 124. In this regard, the
operation method of the first memory device 100 illus-
trated in FIGS. 11 to 13 may also be applied to the op-
eration of the second memory device 300 and may also
be equally applied to the operation of a cell string using
the second memory device 300 as a unit memory cell.
[0094] As described in the operation method with ref-
erence to FIGS. 11 to 13, when the island structure 128
exists between the channel 132 and the resistance
change layer 124, a high resistance state and a low re-
sistance state of the first memory device 100 may be
more clearly distinguished. For example, a set state (low
resistance state) may be completely formed while a write
voltage (or set voltage) is applied to the first memory
device 100, and due to the island structure 128, when an
erase voltage (or reset voltage) is applied to the first
memory device 100, oxygen vacancies are removed from
a surface of the island structure 128 and an oxygen va-
cancy filament is completely cut off, and accordingly, a
reset state (high resistance state) may also be completely
formed.
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[0095] Accordingly, by using the illustrated first or sec-
ond memory devices 100 and 300 described above as a
unit memory cell of a resistive VNAND, in the resistive
VNAND of the related art, it may be possible to prevent
or reduce the likelihood of and/or the impact from the
degradation of the reset efficiency by phenomenon oc-
curring wherein the oxygen vacancy filament is not com-
pletely cut off when the reset voltage is applied to a mem-
ory device. Forexample, in the case of aresistive VNAND
using the illustrated first or second memory devices 100
and 300 as a unit memory cell, reset efficiency may be
improved. As the reset efficiency is improved, the record-
ed data may be more clearly distinguished and read out,
and thus the reliability of the resistive VNAND operation
may be increased. Alternatively or additionally, in the
case of the first and second memory devices 100 and
300, the oxygen vacancy filament is more likely to com-
pletely cut off in a reset state and a current flow is blocked
or reduced, and thus, it may be possible to prevent or
reduce the degradation of a resistance change layer,
which is caused by the fact that the oxygen vacancy fil-
ament is not completely cut off in the resistive VNAND
of related art. This suggests that the durability of the first
and second memory devices 100 and 300 may be in-
creased due to the island structure 124 and the plurality
of dots 228 provided in the illustrated first and second
memory devices 100 and 300, and alternatively or addi-
tionally suggests that the durability of a resistive VNAND
thatincludes the first or second memory devices 100 and
300 as unit memory cells may be improved.

[0096] FIG. 14 is a graph showing a current-voltage
relationship according to the operation of the first memory
device 100 calculated by using technology computer aid-
ed design (TCAD) and/or with simulation software such
as but not limited to SPICE simulation.

[0097] In FIG. 14, afirst graph 14G1 shows a first set
operation for the first memory device 100, and a second
graph 14G2 shows a first reset operation for the first
memory device 100 in a set state according to the first
set operation, a third graph 14G3 shows a second set
operation for the first memory device 100 that is changed
to a reset state according to the first reset operation, and
a fourth graph 14G4 shows a second reset operation for
the first memory device 100 that is re-changed to a set
state according to the second set operation. The set op-
eration may denote an operation of applying a set voltage
or a write voltage, and the reset operation may denote
an operation of applying a reset voltage or an erase volt-
age.

[0098] Referring to the first to fourth graphs 14G1 to
14G4, according to the repetition of the set operation and
the reset operation, the state of the first memory device
100 changes from a high resistance state (low current
state) to a low resistance state (high current state), and
from a low resistance state to a high resistance state,
and the two states are clearly distinguished at a given
voltage. This result suggests that an oxygen vacancy fil-
ament formed along a surface of the island structure 128
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in the set operation is completely cut off in the reset op-
eration.

[0099] Because the plurality of dots 228 of the second
memory device 300 have the same arrangement position
or role as the island structure 128 of the first memory
device 100, the result of FIG. 14 may be equally applied
to the second memory device 300. Alternatively or addi-
tionally, because the configuration of the unit memory
cell of the resistive VNAND presented as an example is
the same or substantially the same as that of the first
memory device 100 or the second memory device 300,
the result of FIG. 14 may also suggest a current-voltage
relationship according to the operation of the resistive
VNAND illustrated in FIGS. 9 and 10.

[0100] Next, a method of manufacturing a memory de-
vice including a vertical resistance change layer accord-
ing to some example embodiments will be described with
reference to FIGS. 15 to 25. FIGS. 16A and 23A are
cross-sectional views, and FIGS. 16B and 23B are plan
views of FIGS. 16A and 23B.

[0101] The manufacturing method is for one unit mem-
ory cell (MC) included in one cell string (CS) of a resistive
VNAND. Because the resistive VNAND includes a plu-
rality of identical cell strings CS, the illustrated manufac-
turing method may be applied or extended to a manu-
facturing method of the resistive VNAND. Like reference
numerals as those mentioned in the previous structure
description denote the same members.

[0102] Referring to FIG. 15, two insulating layers 144
vertically spaced apart from each other are formed on a
substrate 410, and a plurality of first sacrificial layers 930
and a plurality of second sacrificial layers 940 are se-
quentially, repeatedly and vertically stacked between the
insulating layers 144, for example with a process such
as but not limited to an atomic layer deposition (ALD)
process. The second sacrificial layer 940 is formed be-
tween the first sacrificial layers 930. For example, the
insulating layer 144, the first sacrificial layer 930, and the
second sacrificial layer 940 are alternately and repeat-
edly stacked on one surface (e.g., X-Z plane) of the sub-
strate 410 in a direction perpendicular to the one surface
of the substrate 410, and the insulating layer 144 is
formed again on top. In this way, when the plurality of
first and second sacrificial layers 930 and 940 are formed
between the insulating layers 144, the first sacrificial layer
930 is formed to directly contact the one surface of the
lower insulating layer 144, and the first sacrificial layer
930 is formed directly under the upper insulating layer
144 so that a lower surface of the upper insulating layer
144 is in direct contact with the first sacrificial layer 930.
[0103] InFIG. 15, althoughiitis depicted that three first
sacrificial layers 930 and two second sacrificial layers
940 are formed between the insulating layers 144, the
number of first sacrificial layers 930 and the number of
second sacrificial layers 940 formed between the insu-
lating layers 144 are not limited to three or two.

[0104] In a subsequent process, a gate electrode is
formed in the place of the first and second sacrificial lay-
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ers 930 and 940, and the second sacrificial layer 940
may be formed in consideration of the formation position
and shape of the island structure or the formation position
and shape of the plurality of dots.

[0105] Therefore, the number and/or thickness of the
first and second sacrificial layers 930 and 940 may be
determined in consideration, such as an allowable verti-
cal thickness range of the gate electrode, a vertical length
of the island structure, or the number of dots to be formed
in the vertical direction in the subsequent process.
[0106] In some examples, the substrate 410 may in-
clude a silicon substrate, for example, a silicon substrate
doped with a predetermined impurity. For example, the
substrate 410 may include a p-type silicon substrate, but
is not limited thereto.

[0107] Theinsulating layer 144 may be or may include
an insulating material layer having a first etch selectivity
with respect to etching.

[0108] The first sacrificial layer 930 may be or may in-
clude an insulating material layer having a second etch
selectivity greater than the first etch selectivity with re-
spect to the etching. The second sacrificial layer 940 may
be an insulating material layer having a third etch selec-
tivity with respect to the above etching or may include
such an insulating material layer. In some examples, the
third etch selectivity may be greater than the first and
second etch selectivities. Therefore, when the etching is
performed, the second sacrificial layer 940 may be
etched first before the insulating layer 144 or the first
sacrificial layer 930. The etch selectivities of the insulat-
ing layer 144, thefirst sacrificial layer 930, and the second
sacrificial layer 940 are all different from each other. Ac-
cordingly, one or more of a thickness, width, or length in
vertical and horizontal directions of the insulating layer
144, the first sacrificial layer 930, and the second sacri-
ficial layer 940 may be determined in consideration of
each etch selectivity. Alternatively or additionally, the first
to third etch selectivities may have such a difference that
a material layer having a small etch selectivity is hardly
etched while amaterial layer having a high etch selectivity
is etched. Due to the etch selectivity, the insulating layer
144 and thefirst sacrificial layer 930 may hardly be etched
while the second sacrificial layer 940 is completely
etched, and the insulating layer 144 may be hardly etched
while the first sacrificial layer 930 is etched.

[0109] In some examples, the first sacrificial layer 930
may include a different material from the insulating layer
144 and the second sacrificial layer 940 and may be a
nitride layer or include a nitride layer. For example, the
first sacrificial layer 930 may be a silicon nitride layer or
include a silicon nitride layer, but may not be limited there-
to. In some examples, the second sacrificial layer 940
may include a material different from that of the insulating
layer 144 and may be an oxide layer or include an oxide
layer. For example, the second sacrificial layer 940 may
be a silicon oxide layer or include a silicon oxide layer,
but is not limited thereto.

[0110] Insome examples, the thickness of the first sac-
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rificial layer 930 may be in a range from 1 nm to 100 nm,
and the thickness of the second sacrificial layer 940 may
be in a range from 1 nm to 100 nm.

[0111] To form the insulating layer 144 and the first
and second sacrificial layers 930 and 940, a deposition
method, such as one or more of an atomic layer deposi-
tion (ALD) method, a metal organic atomic layer deposi-
tion (MOALD) method, a chemical vapor deposition
(CVD) method, a metal organic chemical vapor deposi-
tion (MOCVD) method, a physical vapor deposition
(PVD) method, etc. may be used. The methods include
placing the substrate 410 in a chamber, heating the
chamber to a predetermined temperature, and supplying
a source, and process conditions, such as temperature
and time, may be adjusted according to a desired thick-
ness.

[0112] Next, asshowninFIGS. 16A and 16B, a vertical
through hole 9h through which the substrate 410 is ex-
posed is formed in the stack structure ST1 formed on the
one surface of the substrate 410 of FIG. 15. The vertical
through hole 9h is a hole for coating a gate insulating
material, a channel material, a material for forming an
island structure, a resistance change material, and the
like. A photolithography and an etching process may be
used to form the through hole 9h.

[0113] Next, as shown in FIG. 17, the through hole 9h
is filled with a third sacrificial layer 950. The third sacrifi-
cial layer 950 may provide a region for forming an island
structure (e.g., 128 in FIG. 1 or 228 in FIG. 3) in a sub-
sequent process. In some examples, the third sacrificial
layer 950 may include the same material as the second
sacrificial layer 940.

[0114] After the third sacrificial layer 950 is formed, the
second sacrificial layer 940 is removed from FIG. 17 to
form a first gate hole 18h as shown in FIG. 18. The first
gate hole 18h may be formed in a horizontal direction
(e.g., an X-axis direction) parallel to the one surface (X-
Z plane) of the substrate 410. The first gate hole 18h is
formed longer than a length of the second sacrificial layer
940 in the horizontal direction. For example, a horizontal
depth HD1 of the first gate hole 18h is greater than a
horizontal length of the second sacrificial layer 940. The
first gate hole 18h may be formed by further performing
the etching process for a first time after the second sac-
rificial layer 940 is completely removed in the etching
process of removing the second sacrificial layer 940. In
other words, if a time taken to completely etch the second
sacrificial layer 940 is t, the first gate hole 18h may be
formed by performing the etching process of the second
sacrificial layer 940 for a time of t+At, where At is much
less than t.

[0115] Looking more closely at the etching process of
the second sacrificial layer 940, after the second sacrifi-
cial layer 940 is completely removed through the etching
process of the second sacrificial layer 940, a side surface
of the third sacrificial layer 950 is exposed. The third sac-
rificial layer 950 includes the same material as the second
sacrificial layer 940, and the exposed side surface of the
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third sacrificial layer 950 may further be etched for At
time. As aresult, ahorizontally concave portion or recess,
e.g., a shallow trench 954 is formed on the exposed side
surface of the third sacrificial layer 950. The first gate
hole 18h includes the trench 954 as well.

[0116] Because the two second sacrificial layers 940
are formed between the insulating layers 144, two first
gate holes 18h are formed between the insulating layers
144, and also two trenches 954 are formed on the side
of the third sacrificial layer 950, but the number of the
second sacrificial layers 940 formed between the insu-
lating layers 144 may be one or three or more. Therefore,
the number of first gate holes 18h and the number of
trenches 954 formed on the side surfaces of the third
sacrificial layer 950 (the number of concave portions)
may be one or three or more.

[0117] In the process of etching the second sacrificial
layer 940, an upper surface of the third sacrificial layer
950 may be protected by a protective member such as
a mask so as not to be exposed to the etching process.
[0118] After the first gate hole 18h is formed, even the
first sacrificial layer 930 between the insulating layers
144 is removed by etching. As a result, as shown in FIG.
19, a second gate hole 19h is formed between the insu-
lating layers 144. The second gate hole 19h is a region
including a region where the first sacrificial layer 930 was
located, the first gate hole 18h, and the trench 954 formed
on a side surface of the third sacrificial layer 950.
[0119] Next, asshowninFIG. 20, the second gate hole
19h is filled with an electrode material. The second gate
hole 19h may be completely filled with the electrode ma-
terial. In this way, an electrode material layer 964 is
formed between the insulating layers 144. The electrode
material layer 964 completely fills the trench 954 formed
on the side surface of the third sacrificial layer 950. Ac-
cordingly, the electrode material layer 964 has a structure
in which a portion thereof protrudes in a horizontal direc-
tion. A portion P1 of the electrode material layer 964 filling
the trench 954 may be expressed as a protruding portion
P1 of the electrode material layer 964. The protruding
portion P1 may be regarded as a first pattern of the elec-
trode material layer 964, and the trench 954 of the third
sacrificial layer 950 corresponding to the protruding por-
tion P1 may be regarded as a second pattern formed in
the third sacrificial layer 950.

[0120] The electrode material layer 964 may be or may
include or be included in a gate electrode 140.

[0121] Next, as shown in FIGS. 20 and 21, the third
sacrificial layer 950 is etched and removed from the ver-
tical through hole 9h. The third sacrificial layer 950 may
be completely removed.

[0122] Afterthe electrode material layer 964 is formed,
while the third sacrificial layer 950 is removed, and as
shown in FIG. 21, an inner surface of the electrode ma-
terial layer 964 and an inner surface of the insulating
layer 144 are exposed. Also, the protruding portion P1
of the electrode material layer 964 becomes a protruding
structure to the vertical through hole 9h. The protruding
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portions P1 are vertically spaced apart from each other.
Because the number of the protruding portions P1 is the
same as the number of second sacrificial layers 940
formed between the insulating layers 144, the number of
the protruding portions P1 may be one or two or more
depending on the number of second sacrificial layers
940.

[0123] In some examples, when only one protruding
portion P1 of the electrode material layer 964 is formed
between the insulating layers 144, a length of the pro-
truding portion P1 in the vertical direction may be greater
than that shown in FIG. 21.

[0124] Next, as shown in FIG. 22, a gate insulating
layer 136 and a channel 132 are sequentially formed on
an inner surface of the vertical through hole 9h in an
inward direction. As shown in FIGS. 16A and 16B, be-
cause the through hole 9h is cylindrical, the gate insulat-
ing layer 136 and the channel 132 may be formed to be
concentric circles. The shape of the protruding portion
P1 of the electrode material layer 964 may be sequen-
tially transferred to the gate insulating layer 136 and the
channel 132. Accordingly, a portion of the channel 132
corresponding to the protruding portion P1 of the elec-
trode material layer 964 is also convex to an inside of the
through hole 9h. For example, a protruding portion P2
protruding to the inside of the through hole 9h is also
formed on an inner surface of the channel 132.

[0125] Next, as shown in FIGS. 23A and 23B, a mate-
rial layer 982 covering the protruding portion P2 on the
inner surface of the channel 132 is formed. The material
layer 982 may not be formed on the entire inner surface
of the channel 132 but only on the protruding portion P2.
In some examples, the material layer 982 may be formed
using a method of selectively forming only on the pro-
truding portion P2. Accordingly, the material layer 982
belongs only to a corresponding memory cell and does
not belong to an adjacent memory cell. The material layer
982 may correspond to the island structure 128 of the
memory devices according to example embodiments.
[0126] Next, as shown in FIG. 24, a resistance change
layer 124 covering the material layer 982 is formed on
the inner surface of the channel 132. The resistance
change layer 124 may be formed to completely cover the
inner surface of the channel 132 and the entire material
layer 982, and a lower end of the resistance change layer
124 may be formed to contact the substrate 410.
[0127] To form the material layers 136, 132, 982, and
124, a deposition method such as one or more of an ALD
method, a MOALD method, a CVD method, a MOCVD
method, a PVD method, or a plasma enhanced ALD
(PEALD) method may be used. These methods include
a process of forming the electrode material layer 964,
placing a resultant product from which the third sacrificial
layer 950 is removed, that s, the resultant product shown
in FIG. 21 in a chamber, and supplying a source while
heating a chamber to a predetermined temperature, and
process conditions of temperature and time are adjusted
according to the desired thickness for each layer.
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[0128] Meanwhile, as shown in FIG. 22, after sequen-
tially forming the gate insulating layer 136 and a channel
132 on the inner surface of the vertical through hole 9h,
before forming the material layer 982 and a resistance
change layer 124, a process of removing an insulating
material and a channel material deposited on a bottom
surface exposed through the through hole 9h, that is, an
upper surface of the substrate 410 may be performed.
[0129] After forming the resistance change layer 124,
as shown in FIG. 25, the base 120 is formed in the re-
maining space inside the through hole 9h. The remaining
space inside the through hole 9h may be completely filled
with the base 120. The base 120 may also be expressed
as a buried material.

[0130] Next, as shown in FIG. 26, a common source
region 525 is formed in the substrate 410. This process
is a process of forming a highly concentration region by
injecting a dopant into a predetermined region on the
substrate 410, and the common source region 525 may
be formed to contact lower ends of the channel 132 and
the resistance change layer 124. The common source
region 525 may be extended to be shared by two hori-
zontally adjacent memory cells. The common source re-
gion 525 may be acommon source region of two adjacent
cell strings.

[0131] Next, as shown in FIG. 27, a drain region 680
connected to the top of the channel 132 and the resist-
ance change layer 124 is formed, and a bit line 590 con-
nected to the drain region 680 is formed. The upper ends
of the channel 132 and the resistance change layer 124
are opposite to the lower ends of the channel 132 and
the resistance change layer 124 in contact with the com-
mon source region 525.

[0132] FIG. 28 is a scanning electron microscope
(SEM) photograph showing the results of an experiment
conducted to confirm that an island corresponding to an
island structure 128 or a plurality of dots 228 is formed
in a memory device according to some example embod-
iments.

[0133] Inthe experiment to obtain the experimental re-
sults of FIG. 28, after sequentially forming a hafnium ox-
ide film and a tantalum oxide film on a silicon substrate,
it was examined whether the hafnium oxide filmis formed
in an island shape. In the experiment, the hafnium oxide
film was formed to a thickness of about 0.4 nm, and the
tantalum oxide film formed as a resistance change layer
was formed to a thickness of about 15 nm.

[0134] Part (a) of FIG. 28 shows a layer structure in
which a hafnium oxide film and a tantalum oxide film are
sequentially formed on a silicon substrate. In (a), SiO
represents a natural oxide film. Part (b) of FIG. 28 is a
distribution photograph of hafnium showing where haf-
nium is distributed in the layer structure shown in (a).
Part (c) of FIG. 28 is a distribution photograph of oxygen
(O) in the layer structure shown in (a). Part (d) of FIG. 28
is a distribution photograph of silicon (Si) in the layer
structure shown in (a). Part (e) of FIG. 28 is a distribution
photograph of tantalum (Ta) in the layer structure shown
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in (a).

[0135] In(b)of FIG. 28, the dotted line DC1 represents
a hafnium island having a length of about 4 to 5 nm. That
is, (b) of FIG. 28 shows a case when a hafnium oxide
film and a tantalum oxide film (corresponding to a resist-
ance change layer) are sequentially formed on a silicon
substrate (corresponding to a silicon channel), and
shows that hafnium islands may be formed between the
silicon substrate and the tantalum oxide film according
to the thickness of the hafnium oxide film.

[0136] Thisresultsuggeststhatanisland structure 128
or a plurality of dots 228 may actually be formed between
the channel 132 and the resistance change layer 124 of
the memory devices 100, 300, 400, and 900 described
above.

[0137] Each of or any of the memory devices 100, 300,
400, and 900 according to the disclosure may be em-
ployed in memory systems of various electronic appara-
tuses. Each of the memory devices 100, 30, 400, and
900 may be implemented as a memory block in the form
of a chip and may be used as a neuromorphic computing
platform or used to construct a neural network.

[0138] FIG. 29 is a block diagram of a memory system
1600 according to some example embodiments.

[0139] Referring to FIG. 29, the memory system 1600
may include a memory controller 1601 and a memory
device 1602. The memory controller 1601 performs a
control operation for the memory device 1602. For ex-
ample, the memory controller 1601 may provide an ad-
dress ADD to the memory device 1602 and a command
CMD for performing programming (or writing) and read-
ing and/or erasing operations on the memory device
1602. Also, data for programming operations and read
data may be transferred between the memory controller
1601 and the memory device 1602.

[0140] The memory device 1602 may include a mem-
ory cell array 1610 and a voltage generator 1620. The
memory cell array 1610 may include a plurality of memory
cells arranged in a region where a plurality of word lines
and a plurality of bit lines cross each other. The memory
cell array 1610 may include one of the memory devices
100, 30, 400, and 900 illustrated in FIGS. 1 to 10.
[0141] The memory controller 1601 may include a
processing circuit, such as hardware including a logic
circuit, a combination of hardware/software, such as
processor-execute software, or a combination thereof.
For example, more specifically, the processing circuits
may include or be included in one or more of a central
processing unit (CPU), an arithmetic logic unit (ALU), a
digital signal processor, a microcomputer, a field pro-
grammable gate array (FPGA), a system-on-chip (SoC),
a programmable logic unit, a microprocessor, an appli-
cation-specific integrated circuit (ASIC), etc., but is not
limited thereto. The memory controller 1601 may operate
in response to a request from a host (not shown). The
memory controller 1601 may access the memory device
1602 and control the control operations discussed above
(e.g., write/read operations), and therefore, the memory



25 EP 4 395 525 A2 26

controller 1601 may be configured to a special purpose
controller. The memory controller 1601 may generate an
address ADD and a command CMD for performing a pro-
gram/read/erase operation on the memory cell array
1610. In addition, in response to a command from the
memory controller 1601, the voltage generator 1620
(e.g., a power circuit) may generate a voltage control
signal for controlling a voltage level of a word line for
programming or reading data to the memory cell array
1610.

[0142] Also, the memory controller 1601 may perform
a determination operation on data read from the non-
volatile memory device 1602. For example, from the data
read from memory cells, the number of on-memory cells
and/or the number of off-memory cells may be deter-
mined. The memory device 1602 may provide a pass/fail
signal (P/F) to the memory controller 1601 according to
a result of reading the read data. The memory controller
1601 may control write and read operations of the mem-
ory cell array 1610 by referring to the pass/fail signal
(P/F).

[0143] FIG. 30 is a block diagram showing a neuro-
morphic apparatus 1700 and an external device 1730
connected thereto according to some example embodi-
ments.

[0144] Referring to FIG. 30, the neuromorphic appa-
ratus 1700 may include a processing circuitry 1710
and/or an on-chip memory 1720. The neuromorphic ap-
paratus 1700 may include one of the memory devices
100, 30, 400, and 900 illustrated in FIGS. 1 to 10.
[0145] Insome example embodiments, the processing
circuitry 1710 may be configured to control functions for
driving a neuromorphic apparatus 1700. For example,
the processing circuitry 1710 may be configured to con-
trol the neuromorphic apparatus 1700 by executing a pro-
gram stored in the memory 1720. In some embodiments,
processing circuitry 1710 may include hardware such as
logic circuitry, a combination of hardware/software such
as a processor executing software, or a combination
thereof. For example, the processor may include one or
more of a central processing unit (CPU), a graphics
processing unit (GPU), an application processor (AP) in-
cluded in the neuromorphic apparatus 1700, an arithme-
tic logic unit (ALU), a digital signal processor, a micro-
computer, a field programmable gate array (FPGA), a
system-on-chip (SoC), a programmable logic unit, a mi-
croprocessor, an application-specific integrated circuit
(ASIC), etc., but is not limited thereto. In some embodi-
ments, processing circuitry 1710 is configured to
read/write various data to an external device 1730 and/or
to execute the neuromorphic apparatus 1700 by using
the read/written data. In some example embodiments,
the external device 1730 may include an external mem-
ory and/or sensor array having an image sensor (e.g., a
CMOS image sensor circuit).

[0146] In some example embodiments, the neuromor-
phic apparatus 1700 of FIG. 30 may be applied to a ma-
chine learning system. The machine learning systems
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may use a variety of artificial neural network organization
and processing models, such as one or more of a con-
volutional neural network (CNN), a deconvolutional neu-
ral network, a recurrent neural network (RNN) optionally
including a long short-term memory (LSTM) unit and/or
a gated recurrent unit (GRU), stacked neural network
(SNN), state-space dynamic neural network (SSNN),
deep faith network (DBN), generative adversarial net-
work (GAN), and/or restricted Boltzmann machine
(RBM).

[0147] Alternatively or additionally, the machine learn-
ing systems may include other types of machine learning
models, for example, a combination including ensembles
such as linear and/or logistic regression, statistical clus-
tering, Bayesian classification, decision trees, dimen-
sionality reduction such as principal component analysis,
expert systems, and/or random forests. Such a machine
learning model may be used to provide various services
and/or applications, and, for example, an image classifi-
cation service, a user authentication service based on
biometric information or biometric data, an advanced
driver assistance system (ADAS) service, a voice assist-
antservice, an automatic speech recognition (ASR) serv-
ice, or the like may be executed by the electronic appa-
ratus.

[0148] Inamemorydevice according to some example
embodiments, an independent thin material layer, for ex-
ample, an island structure, is provided between a resist-
ance change layer (variable resistance material layer)
used as a recording material layer and a channel. Due
to the existence of the island structure, an oxygen va-
cancy filament may be formed around the island structure
during a set operation of the memory device, and during
a reset operation, the oxygen vacancy filament may be
more easily and completely cut off. These results may
be maintained even in repeated operations. Because the
island structure is provided as described above, the reset
efficiency of the memory device may be increased, and
thus, a high resistance state and a low resistance state
of the memory device may be more clearly distinguished.
This suggests that recorded data may be clearly distin-
guished. Therefore, when a memory device according to
the disclosure is used, operation reliability of the memory
device may be increased. Alternatively or additionally,
because the oxygen vacancy filament is completely cut
off in the reset state, it may be possible to prevent or
reduce the deterioration of a recording material layer,
which may occur when the oxygen vacancy filament is
incompletely cut off. Accordingly, durability of the record-
ing material layer may be increased, and furthermore,
durability of the memory device may be increased.
[0149] Any or all of the elements described with refer-
ence to FIGS. 29 and 30 may communicate with any or
all other elements described with reference to FIG. 29
and 30; for example, any element may engage in one-
way and/or two-way and/or broadcast communication
with any or all other elements in FIG. 29 and 30, to transfer
and/or exchange information such as but not limited to
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data and/or commands, in a serial and/or parallel man-
ner, via a wireless and/or a wired bus (not illustrated).
Information transferred and/or exchanged may be en-
coded in an analog and/or a digital manner; example em-
bodiments are not limited thereto.

[0150] Any of the elements and/or functional blocks
disclosed above may include or be implemented in
processing circuitry such as hardware including logic cir-
cuits; a hardware/software combination such as a proc-
essor executing software; or a combination thereof. For
example, the processing circuitry more specifically may
include, but is not limited to, a central processing unit
(CPU), anarithmeticlogic unit (ALU), adigital signal proc-
essor, a microcomputer, a field programmable gate array
(FPGA), a System-on-Chip (SoC), a programmable logic
unit, a microprocessor, application-specific integrated
circuit (ASIC), etc. The processing circuitry may include
electrical components such as at least one of transistors,
resistors, capacitors, etc. The processing circuitry may
include electrical components such as logic gates includ-
ing at least one of AND gates, OR gates, NAND gates,
NOT gates, etc.

[0151] It should be understood that various example
embodiments described herein should be considered in
a descriptive sense only and not for purposes of limita-
tion. Descriptions of features or aspects within each ex-
ample embodiment should typically be considered as
available for other similar features or aspects in other
example embodiments, and example embodiments are
not necessarily mutually exclusive with one another.
While one or more embodiments have been described
with reference to the figures, it will be understood by those
of ordinary skill in the art that various changes in form
and details may be made therein without departing from
the scope as defined by the following claims.

Claims
1. A memory device comprising:

a gate electrode;

a resistance change layer;

a channel between the gate electrode and the
resistance change layer;

an island structure between the resistance
change layerand the channel and in contact with
the resistance change layer and the channel;
and

a gate insulating layer between the gate elec-
trode and the channel.

2. The memory device of claim 1, wherein the island
structure includes nitride and/or oxide.

3. The memory device of claim 2, wherein the island
structure includes SiN and/or GaN.
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The memory device of claim 2, wherein the island
structure includes an oxide having a greater absolute
value of oxide formation energy than a formation en-
ergy of the resistance change layer, and optionally
wherein the oxide includes a metal oxide, and the
metal oxide includes one or more of Rb, Ti, Ba, Zr,
Ca, Hf, Sr, Sc, Mg, Al, Si, Be, Nb, Ni, Ta, W, V, La,
Gd, Cu, Mo, Cr, or Mn as a metallic element.

The memory device of any preceding claim, wherein
the gate electrode, the channel, and the resistance
change layer are included in a memory cell, and the
memory device further comprises:

a substrate and a plurality of the memory cells
stacked in a direction perpendicular to a surface of
the substrate.

The memory device of claim 5, wherein the channel
and the resistance change layer of each of the plu-
rality ofthe memory cells are connected to each other
inavertical direction, and optionally wherein the gate
electrodes of each of the plurality of the memory cells
are electrically isolated from each other.

The memory device of claim 5 or 6, wherein at least
one of the plurality of memory cells includes a plu-
rality of island structures not connected to each oth-
er.

The memory device of any preceding claim, wherein
a cross-sectional area of the island structure is less
than a cross-sectional area of the gate electrode.

The memory device of any preceding claim, wherein
theisland structure is surrounded by the channel and
the resistance change layer.

The memory device of any preceding claim, wherein
the island structure includes an archipelago of is-
lands.

The memory device of any preceding claim, wherein

the resistance change layer, the island struc-
ture, the channel, the gate insulating layer, and
the gate electrode correspond to a first gate
stack,

the memory device includes a plurality of the
first gate stacks,

the plurality of first gate stacks share the resist-
ance change layer, the channel, and the gate
insulating layer, and

an insulating layer is between the gate elec-
trodes in the plurality of the first gate stacks, and
optionally further comprising:

a substrate,
wherein the plurality of first gate stacks are
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on the substrate, and

the plurality of first gate stacks are sequen-
tially stacked in a direction perpendicular to
the substrate to form a first cell string.

An electronic apparatus comprising: a memory de-
vice according to any preceding claim.

A method of manufacturing a memory device, the
method comprising:

forming a first pattern on an inner surface of a
gate electrode; and

forming a stack covering the first pattern on the
inner surface of the gate electrode and including
an island structure,

wherein the island structure is formed at a posi-
tion corresponding to the first pattern, and

the island structure includes either or both of ox-
ide and nitride.

The method of claim 13, wherein the forming of the
stack includes sequentially forming, on the inner sur-
face of the gate electrode, a gate insulating layer, a
channel, the island structure, a resistance change
layer, and a base layer that covers the first pattern.

The method of claim 13 or 14, wherein the forming
of the first pattern on the inner surface of the gate
electrode includes:

defining, in a sacrificial layer, a region where the
gate electrode is to be formed in a sacrificial lay-
er;

forming a second pattern opposite to the first
pattern of the gate electrode in the defined re-
gion of the sacrificial layer;

forming the gate electrode covering the second
pattern on the defined region of the sacrificial
layer; and

removing the sacrificial layer.
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